Abstract. Musashi-1 (Msi1) is an evolutionarily conserved RNA-binding protein that has been reported to be the key regulator in malignancies and with involvement in cancer stemness. In the present study, a novel Msi1 transcript variant generated by alternative splicing was identified and termed Msi1 variant 2. This variant was observed to be ubiquitously expressed in cancerous and non-cancerous cells compared with its wild-type variant, which is preferentially expressed in cancer cells. Notably, the expression levels of Msi1 variant 2 were inversely associated with the protein expression levels of Msi1 in various cancer cells. This naturally truncated variant contains 899 nucleotides and a skipping event of exons 3 and 4, which leads to the emergence of a premature TGA stop codon in exon 5. The present results also demonstrated that hypoxia increased the resistance of H460 cells to cisplatin by suppressing the exon 3 and 4 skipping event of Msi1. In summary, the present study identified a novel splice variant of Msi1 lacking two complete RNA recognition motifs, and revealed the role of exon 3 and 4 skipping of Msi1 pre-mRNA in regulating cisplatin resistance under hypoxia. These observations indicate that targeting Msi1 alternative splicing could represent a valuable strategy to repress Msi1 signaling in tumors overexpressing this RNA-binding protein.
Introduction
Gene expression is a differential process under precise control, and the alteration of gene expression via diverse biochemical mechanisms may influence the fate of the cells with negative consequences, leading to the emergence of serious diseases (1, 2) . As a mechanism of gene regulation, alternative splicing acts at the post-transcriptional level by sequential addition of pre-mRNA transcripts, which results in the generation of various mature mRNAs (3) (4) (5) . This mechanism serves an essential role in generating proteome diversity in malignancies through the production of splice variants involved in key oncogenic pathways and resistance to chemotherapeutic drugs (6) . Thus, alternative splicing has been considered as a novel class of biomarker for the diagnosis of various types of cancer, providing informative, specific and accurate analysis for the study of cancer (7, 8) .
Musashi-1 (Msi1) is an RNA-binding protein that negatively regulates genes at the post-transcriptional level by competing with eukaryotic translation initiation factor 4 G (eIF4G) (9) . In mammals, Msi1 has been described as a marker of adult stem cells and progenitor cells in the central nervous system by regulating Notch signaling (10) . A plethora of research demonstrates that Msi1 binds with the 3'-Untranslated Region (UTR) of mRNA and regulates mRNA stability and the translation of proteins involved in essential oncogenic signaling pathways, and it is implicated in maintaining cancer stem cell populations and promoting diverse types of cancer (11) (12) (13) (14) (15) .
The present study identified a novel splice transcript of Msi1, namely Msi1 variant 2, which consists of 13 exons. Exon 3 and 4 skipping led to the acquisition of a new in-frame TGA stop codon in exon 5, predicting a truncated product lacking two RNA recognition motif (RRM) domains. This exon-skipping event was confirmed using minigene plasmid, and could be detected as a major RNA splice form of Msi1 compared with its canonical transcript Msi1 in various cell lines. The present study further investigated the preliminary function of exon 3 and 4 skipping of Msi1 pre-mRNA in mediating hypoxia-induced cellular resistance to cisplatin. The human normal liver cell line HL-7702 (18) was cultured in RPMI-1640 medium supplemented with 10% FBS. The cell line 293T (used for transfection and expression analysis) was cultured in DMEM supplemented with 10% FBS. The human normal pancreatic ductal epithelial HPDE6-C7 cell line (19) was cultured in RPMI-1640 medium supplemented with 10% FBS. The A549/DDP, HL-7702 and HPDE6-C7 cell lines were purchased from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), as mentioned in previous studies (16, 18, 19) . The remaining cell lines were obtained from the ATCC and were supplied by its corporate agent, Zhongyuan Ltd. (Beijing, China).
Materials and methods

Cell
Cell lines. In the present study, the Human non-small cell lung carcinoma (NSCLC) H1792 cell line was used to amplify the full-length cDNA of Msi1 variants while the 293T cell line was used to Non-cancerous cells including BEAS-2B, HBE1, HPDE6-C7 and HL-7702 and cancerous cells including NSCLC, CRC, HCC and leukemia cell lines, in addition to Lac521 cells, were used to detect the endogenous skipping of exons 3 and 4 of Msi1 pre-mRNA. The 293T cell line was used to verify the expression of Msi1 constructs and to confirm the existence of exon 3 and 4 skipping by a minigene assay. The H460 cell line was used to investigate the role of musashi-1 in mediating chemoresistance under hypoxia condition. Construction of Msi1 minigene plasmid. Genomic DNA was extracted from the H1792 cell line using DNAiso Reagent (Takara, Japan). Briefly, cells were scraped and homogenized using 1 ml DNAiso Reagent. The supernatant was removed into a new tube following centrifugation (12,000 x g for 10 min at 4˚C) and 500-µl 1/2 volumes of ethanol was added. The DNA pellet was collected into a new tube and washed with 75% ethanol twice. The exon 2-intron 2-exon 3-intron 3-exon 4-intron 4-exon 5 (E2-I2-E3-I3-E4-I4-E5) region of Msi1 pre-mRNA was amplified using he LA Taq polymerase (Takara, Japan) following amplification protocol: 94˚C for 1 min, 60˚C, for 1 min, 72˚C for 5 min followed by post-extension for 15 min. Prior to amplification, the DNA template was pre-denatured at 98˚C for 10 sec. The amplified fragment was digested with BamHI and HindIII and then ligated into the mammalian expression vector pRK5 with a FLAG tag sequence (The backbone plasmid was kindly provided by professor Zichun Hua in School of Life Sciences in Nanjing University).
Antibodies
Small interfering RNA (siRNA) transfections. For transient knockdown studies, 1x10
6 H460 cells were transfected with NC control or Msi1-specific siRNAs supplied by Shanghai GenePharma Co., Ltd, (Shanghai, China). (100 nM) using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. The sequences of the designed siRNAs were as follows: Sense, Msi1-1 5'-GUG GAG AAA GUG UGU GAA AUU-3' and Msi1-2 5'-GGG UUA CCC AGG UUU CCA AGC-3'. To examine the effect of hypoxia on chemoresistance to cisplatin, H460 cells were transfected with Msi1-1 and Msi1-2 siRNA and then cultured under normoxia (95% O 2 , 5% CO 2 ) or hypoxia (1% O 2 , 5% CO 2 , 94% N 2 ). After 24 h of siRNA-mediated knockdown, cells were treated with 10 µg/ml cisplatin purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and maintained under the same conditions for an additional 24 h.
Cell apoptosis assay. Cell apoptosis was measured by Annexin V-fluorescein isothiocyanate/propidium iodide double staining, according to the manufacturer's protocols (BioVision, Inc., Milpitas, CA, USA). A total of 10,000 cells were analyzed by flow cytometry. Data were analyzed using FlowJo 7.6.1 software (FlowJo LLC, Ashland, OR, USA).
Western blot analysis. Cells were lysed in ice-cold cell lysis buffer [50 mM Tris-HCl (pH 7.4), 250 mM NaCl, 50 mM NaF, 5 mM EDTA, 5 mM β-glycerophosphate, 1 mM sodium vanadate, 1% Nonidet P-40 and complete protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). Upon centrifugation (12,000 x g for 10 min at 4˚C), the protein concentration was determined using the Bradford method. Protein samples (40-60 µg) were separated by 10% SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA), which were then blocked with 5% w/v non-fat powdered milk in TBS Tween-20 (TBST) for 1 h at room temperature (0.5 M NaCl, 20 mM Tris-HCl and 0.05% v/v Tween-20; pH 7.4). The membranes were subsequently incubated with primary antibodies, including anti-Msi1 IgG (1:1,000 dilution) or anti-GAPDH IgG (1:1,000 dilution), at 4˚C overnight. Following three washes with TBS for 5 min each, the membranes were incubated with HRP-conjugated secondary antibodies (1:500) at room temperature for 2 h. The blots were visualized upon incubation with the Amersham ECL start western blotting detection reagent (GE Healthcare Life Sciences, Little Chalfont, UK).
RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNAs were isolated with TRIzol Reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) following the manufacturer's protocol. RT reactions were performed at 42˚C for 1 h with oligo (dT) as a primer using the RevertAid RT Reverse Transcription kit (Fermentas; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The sequences of the primers used for amplifying the full length of Msi1 (primer set A) are 5'-TTG GAT CCA TGG AGA CTG ACG CGC CCC AG-3' (forward) and 5'-TTA AGC TTT CAG TGG TAC CCA TTG GTG AAG GCT-3' (reverse). The PCR product was electrophoresed through a 0.8% agarose gel. The sequences of the primers used for detecting the exon 3-exon 4 skipping event (primer set B) are 5'-CAA GAT GTT CAT CGG GGG ACT CAG-3' (forward) and 5'-CTT GGG CTG TGC TCG CCG AGG GAA G-3' (reverse). The sequences of primers for the reference control GAPDH are 5'-TGT CCC CAC TGC CAA CGT GTC A-3' (forward) and 5'-AGC GTC AAA GGT GGA GGA GTG GGT-3' (reverse). To confirm the existence of Msi1 variant 2, the FLAG tag was used as the forward primer, alongside the downstream reverse primer in primer set B, in order to detect the exogenous exon 2-exon 5 skipping event using a minigene plasmid. The PCR protocol was as follows: 94˚C for 30 sec, 60˚C, for 45 sec, 72˚C for 30 sec followed by post-extension for 5 min. PCR products were electrophoresed through a 2% agarose gel. Each gel was stained with ethidium bromide for visualization under ultraviolet light.
Statistical analysis. Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference. Multiple comparisons were performed with two-way analysis of variance followed by Bonferroni's post hoc test. For data analysis, GraphPad Prism 5.0 software for Windows was used (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Amplification of RNA variants of Msi1. The Msi1 RT-PCR amplification products in the NSCLC H1792 cell line were separated on a 0.8% agarose gel for analysis, and two bands of Msi1 were observed (Fig. 1A) . We speculated that at least two variants of Msi1 could exist, and thus, each amplification product was subsequently cloned and sequenced. Unexpectedly, three additional variants besides the canonical Msi1 (1,089 bp) were observed. These new variants were sequenced, and the 1,056-, 889-and 1,064-bp products were identified as new variants of Msi1, termed variant 1, 2 and 3, respectively (Fig. 1B) .
Protein translation analysis of novel Msi1 transcripts.
Alignment of the amino acid sequences of these novel Msi1 transcripts demonstrated the presence of the premature stop codons TGA in exon 5 for variant 2 and TAA in exon 4 for variant 3 due to ribosomal frameshift, predicting two truncated open reading frames (ORFs) without the intact RRM domains (Fig. 1C, D) . The three Msi1 variants and the canonical form were cloned into the mammalian expression vector pRK5, containing a FLAG tag. Then these plasmids were transfected into 293T cells for 24 h. The exogenous FLAG was used as the negative control. As demonstrated by western blotting in Fig. 1E , a band shift was observed between Msi1 variant 1 and its wild-type version due to the lack of 11 amino acids in the C-terminus of variant 1 compared with the canonical Msi1. However, Msi1 variants 2 and 3 could not be detected by western blotting due to the acquisition of the premature stop codons (Fig. 1E) .
Exons 3 and 4 skipping in Msi1 variant 2 leads to the premature termination of Msi1 translation.
In order to verify the site where the frameshift of the Msi1 transcript occurs, an incomplete exon 3 in Msi1 variant 3 and a skipping event of two exons in variant 2 were identified, which led to the existence of the premature stop codons TGA in variant 2 and TAA in variant 3 (Fig. 1F ). Msi1 variant 2 contains exons 2 and 5, but lacks exons 3 and 4, and the acquisition of the new in-frame stop codon TGA results in a truncated ORF lacking the complete RRM1 and the following domains ( Fig. 2A) .
Next, a minigene plasmid comprising E2-I2-E3-I3-E4-I4-E5 was constructed and transfected into 293T cells. As revealed by RT-PCR analysis, exogenous transcripts E2-E3-E4-E5
and E2-E5 were observed, confirming the existence of exon 3 and 4 skipping of Msi1 pre-mRNA in human cells (Fig. 2B ).
Msi1 variant 2 transcript is preferentially expressed in non-cancerous cells. The exon 3 and 4 skipping event in
Msi1 variant 2 could be distinguished from wild-type Msi1 using RT-PCR primers specifically designed to flank the E2-E3-E4-E5 coding region of Msi1. The mRNA level of Msi1 variant 2 was observed to be universally expressed in various non-cancerous and cancerous cells, including primary NSCLC Lac521 cells (Fig. 2C) . Thus, Msi1 variant 2 could be a major form of its splicing transcripts. While wild-type Msi1 was predominantly expressed in cancerous cell lines, including NSCLC, HCC, CRC and leukemia, Msi1 variant 2 was preferentially expressed in non-cancerous cell lines (Fig. 2C) . In addition, the expression level of Msi1 variant 2 transcript inversely associated with the protein level of wild-type Msi1 in cancer cell lines (Fig. 2D) .
Hypoxia-induced retention of exons 3 and 4 in Msi1 increases cisplatin resistance.
Considering that Msi1 wild-type was preferentially expressed in cancer cells, the present study evaluated the contributing factors to exon 3 and 4 skipping of Msi1 pre-mRNA in the tumor microenvironment. As a salient feature of solid tumors (20) , hypoxia (1% O 2 , 5% CO 2 and 94% N 2 ) was observed to suppress exogenous exon 3 and 4 skipping of Msi1 pre-mRNA (Fig. 3A) . Consistent with the aforementioned observation, endogenous detection of exon 3 and 4 skipping of Msi1 revealed that hypoxia induced the retention of exons 3 and 4 of Msi1, and upregulated Msi1 protein levels (Fig. 3B) . Hypoxic tumors are often resistant to conventional cancer therapies. Thus, the present study examined the effect of hypoxia on the chemoresistance to cisplatin. With the upregulation of Msi1 protein level, hypoxia significantly increased cisplatin resistance in H460 cells, which was compromised in the absence of Msi1 (Fig. 3C) . The results of western blotting confirmed the knockdown effect of Msi1 using the RNAi method (Fig. 3D ). These observations indicate that hypoxia-induced cisplatin resistance requires downregulation of exons 3 and 4 skipping of Msi1 pre-mRNA.
Discussion
The present study identified a novel splice variant of Msi1, termed Msi1 variant 2, consisting of 13 exons. Msi1 has been identified as a marker of progenitor stem cells (21) . Notably, Msi1 was also identified as a marker of CSCs (22, 23) . The present study demonstrated that the skipping of exons 3 and 4 of Msi1 variant 2 led to the acquisition of a premature stop codon in exon 5 of the Msi1 transcript, resulting in the absence of complete RRM domains on the truncated Msi1 transcripts. Thus, this exon skipping event of Msi1 could be a way of negatively regulating cancer stemness stemness.
The biochemical mechanism by which Msi1 positively regulates cancer stemness or tumorigenesis is currently under investigation. Previous studies revealed that Msi1 suppresses genes such as Numb and p21 (Waf1) by competing with eIF4G (9,10,24) . These mRNAs are implicated in cell proliferation and protein modification, which are involved in tumorigenesis (25) (26) (27) . However, the role of Msi1 in the progenitor stem cell compartment has been described only in a number of systems (12, 28) . In the present study, the expression of Msi1 variant 2 was observed in various cancerous cell lines, including NSCLC, breast, colon and leukemia cell lines, as well as in several non-cancerous cell lines, suggesting that Msi1 variant 2 may be a broad-spectrum splice variant compared with its wild-type variant, which was preferentially expressed in malignant cells.
In addition, the Msi1 variant 2 does not contain two complete RRM domains, which are required for binding RNAs (29, 30) . Although the present study has not demonstrated whether Msi1 and its variant 2 differ in their ability to interact with RNA, we anticipate that in the absence of RRM domains the function of Msi1 variant 2 may not be associated with the repression of translational initiation by competitively binding to Musashi-binding-element in the 3'-untranslated region of target transcripts. Thus, it is likely that Msi1 and its variant 2 may have different spectra of biological activity. The existence of distinct isoforms of Msi1 suggests that this gene may serve a complex role in regulating tumorigenesis, and elucidating the precise functions of its variants may provide further insights into the regulation of tumorigenesis and stemness. An important strength of the current study is the association between the exon 3 and 4 skipping event of Msi1 and hypoxia-induced chemoresistance in NSCLC. Although solid tumors typically develop hostile microenvironments characterized by stress conditions, including irregular vascularization, and poor oxygen and nutrient supply, the cancer cells in these tumors exhibit unregulated growth under such hostile conditions through the activation of a series of survival pathways (31, 32) . Under hypoxia, chemoresistance has been reported to be upregulated in various types of cancer (33, 34) . Notably, Msi1 has been identified as an oncogene in several malignancies (15, 35) . In the present study, hypoxia-induced cisplatin resistance in H460 cells required the retention of exons 3 and 4 in the Msi1 transcript, which frequently occurred in cancer cells compared with non-cancerous cells. Thus, the generation of Msi1 variant 2 by alternative splicing serves a tumor-suppressing role, and reversal of this exon skipping event of Msi1 under stress conditions may be responsible for tumorigenesis and malignant progression with increased chemoresistance.
Collectively, the present study achieved the following: i) Identified a novel untranslated isoform of Msi1 generated by skipping of exons 3 and 4; ii) evaluated its expression in various cell lines; and iii) preliminarily described the role of this exon skipping event in mediating chemoresistance. The aforementioned results indicate that the occurrence of the exon 3 and 4 skipping event in Msi1 could represent an important tool for malignancy diagnosis and therapy. With regard to therapeutic implications, targeting exon 3 and 4 skipping in Msi1 pre-mRNA could represent a valuable strategy to repress Msi1 signaling in tumors overexpressing this protein. However, there are several limitations affecting the present study. First, small molecules that could promote exon 3 and 4 skipping of Msi1 could not be identified due to the limited number of drugs tested. Second, the effect of exon 3 and 4 skipping of Msi1 on cancer stemness should be further investigated. In addition, future studies are required in order to clarify the exact role of Msi1 variant 2 in the development of malignancies. 
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